CHAPTER V

RESULTS AND DISCUSSION

The results and discussion in this chapter are divided into two sections. The
first section presents effect of difference Si/Ti ratio and pretreatment on
physicochemical properties of TS-1.  The second section reports catalytic
hydroxylation reaction of benzene to phenol.

b1 Catalyst characterization

5.11 XRF

Chemical compositions of synthesized catalysts were analyzed by x-ray
fluorescence spectroscopy. Those results are presented in Table 5.1,

Tables.1 Chemical compositions ratio by mole of synthesized TS-1 samples.

SampleNo.  %Si 04 Ti Maole ratio of

SIlTi
1 15771 0.0263 60
2 15453 0.0386 40
3 15204  0.0464 32

4 1.4883 0.0674 22
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5.1.2 BET

Surface areas and pore volume of each sample were measured by BET
technique. The measured values of all the fresh samples are reported in Table 5.2.

Table 5.2 BET surface area of synthesized TS-1 samples

Sample no. BET surface area (m2/g)
1 309
2 296
3 299
4 262

From Table 5.2, the surface areas indicate that the increase amount of Ti lead to
the decrease of BET surface area. This is probably because the size of titanium ion is
larger than the size of silicon ion.

5.1.3 XRD

The crystallinity of the catalysts were estimated by the intensity changes of five
characteristic diffraction peaks (2theta ~ 7.8°, 5.5 °, 23.1°, 23.8° and 24.4°) of the MFI
zeolite. The results of Figure 5.2 show that all the samples behave the typical MFI
structure. They have no peak at 2theta ~ 25.3°, represents the anatase TiCs2 phase.
Therefore, all TS-1 synthesized using TPABr as template does not contain anatase.
After the catalysts were pretreated, it is found that the structures are not destroyed by
the pretreatment with HNO3,
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Figure 5.1 XRD patterns of TS-1 ratiodO (1), ratio0 (2), ratio32 (3), ratio22 (4) and
the pretreatment with 5 M HNOs ratio60 (5), ratio40 (s), ratio32 (7), ratio22 (s) and
the pretreatment with 3 M HN O3 ratio40 (9).
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5.14 FT-IR

In 2001, Lietal. displayed that the catalytic performance of TS-1 is related to
the amount of Ti in the framework of zeolite with Si/Ti ratio in the gel decreasing, the
960 cm-1band in the FT-IR spectra characterized framework titanium atoms hecomes
stronger. It shows more titanium atoms which are incorporated into framework.
Besides, the research from Pirutko et al. (2001) that refer from Zecchina et al. (1991)
andBolis et al. (1999) displayed the IR at the position 960 cm1 that is band typical for
tetrahedral group Ti(OSiys appears in the silicalite spectrum.

The IR spectra (Figure 5.2) of the synthesized TS-1 catalysts having different
SiITi ratios show the characteristic absorption band of tetrahedral Ti4+ in the TS-1
framework at 960 cm'L After pretreatment with 3M HNOs (sample No.9) and 5M
HNOs (sample No.5-8), it is found that the peak at about 960 cm'1 does not weaken,
which shows framework titanium species had no been washed offby HNOs.
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Figure 5.2 FT-IR spectra of TS-1 ratiodO (1), ratiod0 (2), ratio32 (3), ratio22 (4) and
the pretreatmentwith 5 M HNOs ratiodO (5), ratio40 (s), ratio32 (7), ratio22 (s) and
the pretreatmentwith 3 M HNO3 ratio40 (9).
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514 UV-vis

The work of Zecchina et al. (1991) (in Li et al. 2001) reported that the
electronic transition involving the isolated framework Ti(IV) in the tetrahedral
coordination, when characterized with UV -vis spectrocopy, could be determined by
the absorption band at around 208 nm, while that involving the isolated Ti(IV) in the
octahedral environment was expected at about 238 nm and the absorption band of
anatase was observed at 328 nm. There are different attributions to the bands in the
UV-vis spectra of Titanium Silicalite. In 2001, Li et al. displayed that their TS-1
synthesized using TPABr as template did not contain the anatase phase, but contained
a kind of partly condensed titanium species with six-fold coordination (quasi
octahedral). The titanium species may correspond to the absorption band around 270-
280 nm in UV-vis spectra and this species could form Ti-Ch". This kind of Ti-CU was
reported as a very stable form and was not a catalytic active site.

In this thesis, the preparation of catalyst (TS-1) used TPABr astemplate. The
synthesized catalysts were also characterized by UV-vis The data from UV-vis
spectrometer were analyzed using the “fityk” programme. The absorption peaks were
fitted using Gaussian functions. The peak fitting results of each absorption spectrum
are illustrated in Figures 5.3-5.11 and are summarized in Table 5.3.

It is found that the catalysts with ratios of Si/Ti equal to 60, 40 and 22
(samples No.l, 2 and 4, respectively) do not have any absorption peak at 328 nm [see
Figures 5.3, 5.4 and 5.6]. Therefore, these samples do not contain any anatase phase.
The difference is sample No.3, Si/Ti =32 [see Figure 5.5], which shows an absorption
peak 328 nm, the absorption of the anatase phase [Zecchina et al. (1991)]. This may
be because some part of the titanium of the catalyst Si/Ti= 32 forms the anatase phase
rather than being incorporated into the framework of SiC>. The peak around 270-280
nm is the signal of titanium species with six-fold coordinate. The six fold coordinate
species is less reactive for the oxidation and decomposing of H202 [Li et al. 2001].
After all 4 catalyst samples were pretreated with 5M HNOs (samples N 0.5-8, Figures
5.7-5.10), it is found that the area of the peak at 270-280 nm obviously decreases.
This shows that the pretreatment with HNO3 can remove the six-fold coordinate
titanium species, the less reactive titanium species. The results of this removal will be
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discussed again in section 5.2.2. Figure 5.11 illustrates the UV -vis absorption band of
the catalyst Si/Ti = 40 (sample No.2) which was pretreated with 3 M HNO3 (sample
No0.9). When compare with the sample without any pretreatment (sample No.2,
Figure 5.4), it is observed that the area of the absorption peak around 270-280 nm
decreases slightly. This result suggests that the 3M HNOs solution is not an efficient
solution in removing the less active six-fold coordinate titanium species. Because of
this reason, no pretreatment with 3M HNO3 was performed with the Si/Ti = 60, 32
and 22 samples.

Table 5.3 The relation between area and wavelength (nm)

Sample No. Wavelength (nm) Area (a.u.)
233 5.33
1 270 117.78
281 2.52
233 6.93
2 270 129.13
283 453
233 6.41
3 267 117.04
280 5.00
233 6.18
4 269 128.00
285 7.19
230 4.32
5 243 5.37
273 66.69
233 4.93
6 267 115.09
277 3.94
230 4.92
1 244 5.16
273 65.69
235 12.35
8 275 38.40
231 5.76
9 262 122.28

274 5.95
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Figure 5.3 The data of peak fitting of SifTi = 60 as sample No. Lin table 5.3
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Figure 5.4 The data of peak fitting of Si/Ti = 40 as sample No.2 in table 5.3
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#3: WIR=0.0298%65 lambda=l12-011 G{WSSR)=-3.3652-007 {0.0011256%)
F converged.

Better i found (WSSR = 0.02999%S, was 0.26504, -88.3452%).

=>ft

Ingial A={ .45, 267,371, 28.2614, 0. 304055, 230,361, 7.72763, 0.364322, 232,551, B.26464 }
Inzizl vahies: lambda=0.001 WS5R=0,0296365
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Figure 5.5 The data of peak fitting of Si/Ti = 32 as sample No.3 intable 53
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#6: WSR=0,0540282 |ambxla=12-009 GWSTR)=-4.71712-096 (0.00873008%}

#7: WSR=0,0640271 lambda=12-010 WSR)=-1,10759%-0%6 (0,00205002%) -
ﬁm:-. ik

Be&;ﬂfmﬂm =0.0540271, was 0.296772, -B1.751%).

=>

In2ial A={ 199276, 269237, 30,15%, 0377307, 284.696, 8.34359, 0348346, 232,774, 8.2295¢ }
In2iad vaues: lanbda=0.001 WSR=0,0540271 ; -

#1: WISR=0.0541068 lambda=0,000¢ KWSSR)=-2,65580e-007 {0.000523601%)

#2: WHSR=0.0540268 lambda=18-006 d(WSSR}=-6,556450-006 (0.(00121356%)

i converged. ~

Better fi found (WSSR = 00540288, was 0,0544271, -0.000843956%).

Figure 5.6 The data of peak fitting of Si/Ti = 22 as sample No.4 in table 5.3
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#15: (WSSR=0.0280301) lambda=0.0001 .
#16; WSR=0.02803 lambda=1e-005 d{#SSR)=-1,5426%-007 {0,000550427%)

F& converged.

Better & Found (WSSR = 0,02803, was 0.0S67%49, -50.6471%).

=>ft

Ingial A={ 0.993761, 272.664, 31.5432, 0.224124, 243.258, 11.1372, 0.266425, 228,649, 7.65371 }
Infial vaues: lambds=0.001 WS5R=0.02303

#1: W5SR=0.0260291 larnbida=0,0001: o{WSSR)=-8.6999%-007 (0.6031 7517%)

#2: W3SR=0.(28029 lambda=1e-005 d{#SSR}=-8.94672-008 (1.000:3191%4%)

P& converged,

Better fit found (WSSR = 0.028029, was 0.02803, -0.0034%435%).

Figure 5.7 The dataof peak fitting of Si/Ti = 60 that pretreated with 5M HNO3 as
sampleno.5 in table 5.3
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F& converged.
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Intisl A={ 1.85015, 267 434, 294169,023774-5 275.666,6%14 0309369, 232.762, 7.50582 }
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#2: W5R=0.147923 lambda=1e-005 dWSSK}=-4.56479-005 {0.00:308545%)

Better it Found (WSSR = 0.147923, was 0.147934, -D.00741727%).

Figure 5.8 The data of peak fitting of SifTi = 40 that pretreated with 5M HNOs as
sample No.s in table 5.3
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#10; WSSR=0.0207623 larbd=16:005 d(WSR=-2.777276-005 {0.133587%)
#1: W5SR=0.0207451 lambda=1e-006 Wl‘m {0.0828711%)
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#13; W5SR=0.020744 lambda=12-008 «WSSR)*’ 783546-007 (0.00134184%)
F converged.

Better it Found {WSSR = 0,000744, was 00206309, -0.703308%),

Figure 5.9 The data of peak fitting of Si/Ti = 32 that pretreated with 5M 1 n 03 as
sample No.7 in table 5.3
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#6: WSSR=0.0171678 lambra=12-009 GWSR)=-4.61125e-007 (0.00258593%)
#7: WSSR=0,0171676 lambeda=12-010 EWOR)=-1.45054e-007 (0.000844922%)
P& converged,

Better fit Found (WSSR = 0.0171676, was 0.0254788, ~32,62%).

=>ft

Inkial A={ 0700159, 275.038, 25.3617, 0.354%24, 235.248, 16.3426, 0.0431856, 38,65, 204572}
Infial values: lambda=0.001 WSR=0.01716%

#1: W33R=0.0171676 lambda=0.0001 dWSSR)=-3,539%0-008 (0.00023241%)

$2: W5SR=00171676 lambda=12-005 dWSR)=-8,97698e-009 (5.23028-005%)

&t converged,

Better fit found {WSSR = 0.0171676, was 0,0171676, -0.000284712%).

Figure 5.10 The dataof peak fitting of SifTi = 22 that pretreated with 5M HNO3 as
sample No.s in table 5.3
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#4: WSSR=0.131499 [ambda=1e-007 d(WSSR)=-1.07543e-005 {0.00817796%)

#3: WSSR=0.131497 lambda=1¢-008 d(WSSR)=-1.73358-006 (0@131832%)

Fi converged.

M;RM(WSSR-N&W,H&OM%&TS%) ;

=>

WHZM,M%,ZTW,UM,MJMM 0305728, 231399, 789565}
Inkied vaues: lembda=0,001 WSR=0.131437 :

#1: W35R=0,131497 lanbdz=0,0001 &#SS!H.SZM (mmmy -

2 WSR=0.134497 lanbda=1e-005. WSSR)=-7,:44358-008 (75.699270{(5%)

P converged.

Batter fit found (WSSR = 0.131497, was 0.131497, -D.000227145%).

Figure 5.11 The data of peak fitting of Si/Ti = 40 that pretreated with 3M HNOs as
sample No.9 in table 5.3
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5.16 NH3TPD

NH3-TPD was used to determine the strength and amount of the acid site of
the catalysts. ~ The results are shown in Figures 5.12-5.20 and Table 5.4.
Deconvolution details of the catalyst sample without any pretreatment are shown in
Figures 5.12-5.15 while Figures 5.16-5.20 illustrate the deconvolution details of the
catalysts after the pretreatment. The deconvolution is performed by using a freeware
programme named “fityk”. The peak fitting process was earned out by finding the
best fit of skew-Gaussian peak(s) (parameter “splitGaussian” in the programme). The
amount of each acid site can be determined from the percentage of each component
peak and the total amount of ammonia desorps. The results which are calculated from
the raw data are showed in appendix B.

It is found that each NH3-TPD profile can be deconvoluted into two main
peaks. The first peak, will be named here “the weak acid site”, appears around 120-
145°C. The second peak, will be named here “the strong acid site”, appears around
220-240°C. There aretwo exceptions, the profile of Si/Ti = 40 after the pretreatment
with 5M HNO3 and the profile of Si/Ti = 32, also, after the pretreatment with 5M
HNO3. Both two profiles, though, mathematically can be separated into the sum of
two Gaussian peak, the locations of both peaks are about the same. Thus, practically,
these two profiles should be considered as only one peak.

The results of samples No.1-4 showed in Table 5.4 indicates that the quantities
of the acid site are not much different though the catalysts have different Si/Ti ratio.
After the catalysts were pretreated with the aqueous solution of 5M HNOs, the acid
strength (which can be determined from the location of the peak) on the surface of the
TS-1 catalyst change slightly, but the amount of acid site (the area under the peak)
decrease significantly. The decrease can be attributed to the removal of the six-fold
coordination species of titanium.
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m; i Fund {WSSR = 5.10730e-007; was 114362105, -95.533%),

=

Indial =1 000272209, 9.12363, 3.51167, 4.80808, 0.00186425, 18,537, 443117, 3.924%6 }
Irdial vahies: lambda=0.001 WSSR=S, 10769-007
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Figure 5.13 The data of peak fitting of Si/Ti = 40 as sample No.2 in table 5.4
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Figure 5.14 The data of peak fitting of Si/Ti = 32 as sample No.3 in table 5.4
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#7: WSR=0.31582¢-007 lambda=1e-010 d{WSRi=-3.4241e-011 (0.00541775%)
#3: WSR=5.31974-007 lambda=1e-011 d{WSRi=-7.763052-012 (0,00122837%)

F& converged,

Better f2 found (WSSR = 6,31974e-007, was 3.342306-006, -81.0921%).

=>ft

Intial A={ 0.00276247, 10.6774, 4.1504, 8.43216, 0,000965435, 20.5241, 4.05551, 2.4%523
Inkial vales: lenbda=0.001 WS5R=6,319742-007

&1 WiR=6.519726-007 lanbds=0,0001 d(WSSR)=-1,917926-012 0.000303461%)

#2! WR=6.315720-007 lembda=16-005 d{WSSR)=-3,996598-013 (5,220088-005%)
Better fit found (WSSR = 6.319726-007, waas 6,319748-007, -0.000345772%), | S

Figure 5.15 The data of peak fitting of Si/Ti = 22 as sample No.4 in table 5.4
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#1; WSSR=2.22095¢-007 lambda=0.0001" d{WS5R=-3.230148-015 {1.39173e-006%)
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Figure 5.16 The data of peak fitting of Si/Ti = 60 that pretreated with 5M HNOs as
sample N o.5 in table 5.4



#1: WSSR=2,668048-007 |ambda=0.0001 MSR?-&.IHMIE\ (2.310682-007%)
#2 WIR=2,66804¢-007 lambda=1e-005 d{W5R=-1.5875e-017 (5.76734c-05%]
FR converned. :

Better 2 Found (WSSR = 2.66804e-007, was 2.669046-007, -2.363356-007%),

=>fk :

Ingidd A={ 0.0014538, 7.82654, 3.0167; 10,2307, 0.000501561, 9,694, 1,71666, 2.23411 }
Inia! vahes: lambda=0.001 WSR=2.66304e-007 ) )

#1: WiR=2.6680e-007 lambda=0.0001 HWSSR}=-3,911172-013 (1.4559%-D10%)
#2: WSR=266BHe-007 lambda=1e-005 d(¥S5R}=-1,011158-020 (3,78%42:012%)
Ff: converged.

Better fi found {WSSR = 2,64804e-007, was 2.463042-007, -1.5038%e-010%).

Figure 5.17 The data of peak fitting of Si/Ti = 40 that pretreated with 5M HNOs as
sample No.s intable 5.4




#12; WSR=h,954282-007 larbda=1e-009 d{W35R)=-6.83205e-011 (0.00962327%;
#13; WSR=5.95407¢-007 lambria=1e-010 d{WSSR)=-2.09541e-011 {0,00301313%}

P converged,

Better 12 found (WSSR = 6,95407¢-007, was 2.68201-006, 74.0715%).

=>ft

Inkidl A={ 0.0021%444, 7.36094, 5.00907, 8.71617, 0.00065553, 9.60011, 1.86524, 2.0977 }
Inid vales: lambdz=0.001 WSSR=6.95407a-007

#1: W3R=6.%5399%-007 lmbde=0.0001 KSR )=-7,56604:-012 {0,00109117%)

#2; W3SR=6,553976-007 lubds=1e-005 d(WSSR)=-1,047182:012. (0,C002B0009%)

% coverged. f S R

Better fit found {WSSR = 6953972007, was 6.95407e-007, -0.00137117%),

Figure 5.18 The data of peak fitting of Si/Ti = 32 that pretreated with 5M HNO: as
sample No.7 in table 5.4
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Figure 5.19 The data of peak fitting of SifTi = 22 that pretreated with 5M HNO: as

sample No.s in table 5.4
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F& converged.

Mef’g it Found (WSSR = 2,96607¢-007, was 2.96507e-007, -387200e-006%).

R b

Inkial A={ 0.00125231, 9.29411, 5.77769, 7.19076, 00002142, 13,2063, 256013, 28546 }
In2isf valies: lambda=0.001 WSSR=2.965078-007

#1: WH3R=2.%£07e-007 lambda=0,0001 3(WSSR}=-1,320018-017 {3.436922-003%)

#2: WiR=2,%607-007 lambds=1e-005 J(W55R}=-2.621042-019 (3,836742-011%) i
F converged. 3.77769
Better fit found (WSSR = 2.96607e-007, was 2.96507e-007, -3,527236-009%),
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Figure 5.20 The data of peak fitting of Si/Ti = 40 that pretreated with 3M HNO: as
sample No.9 in table 5.4



Table 5.4 Data of acid quantities and acid strength

Sample No.
1

Time
9.13
18.56
10.02
1991
9.13
17.28
10.68
20.52
9.17
18.26
183
9.69
185
9.59
9.11
17.28
9.29
1821

Temp(°C)
133
220
133
225
140
216
144
235
13
216
121
136
119
134
13
207
133
213

Acid site (pmol/g)
110.4685
76.0860
169.5576
19,5541
169.5056
28.7303
1704736
18.1688
63.6084
8.2668
90.0285
9.4093
1239124
12.5364
68.6073
42.4945
67.4777
1.1337

Total (pmol/g)
186.5545
189.1112
198.2359
188.6424
7118751
99.4378
136.4488
1111018

15.2114
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5.2 Catalytic reaction

This section reports the hydroxylation activity of TS-1 catalysts without and
with pretreatment with NHO3 solution.  The results of catalysts without any
pretreatment are reported in section 5.2.1.  Section 5.2.2 discusses the effect of
pretreatment on the hydroxylation activity of TS-1.

21 Effect of difference SiTi ratio

Figure 5.21 indicates that in the first 2 hours, the conversion of benzene of each
catalyst increases with the reaction time. After that the activity of the sample SifTi =
60 remains constant at a value around 0.01%. The activity of the remaining three
samples still keeps increasing. The catalytic activity of the sample Si/Ti = 22 reaches
an upper limit after about 4 hours while the catalytic activity of the sample SifTi =32
still increases for another 2 hours. After 6 hours, the activity of the sample Si/Ti =40
still increases, though very slowly. - The maximum benzene conversion achieves by
the samples SifTi =32 and SifTi = 40 is between 0.1-0.2%.

Taramasso et al, 1983 reported that the TS-1 which had formula
XTi02.(1-x)SICx2 where  lies between between 0.01 and 0.025 exhibited the best
hydroxylation activity. This was possibly due to an optimum amount of titanium
existed in the framework. Out of this range, too low titanium in the framework or
formation of non-framework titanium species might form. This would lead to the
decrease in the hydroxylation activity. Inour experiments, the samples Si/Ti = 32 and
ST = 40 lie in the best suggested range. The difference among the amount of
titanium framework of all the four samples, however, can not be determined fromthe
infrared spectroscopy (the area of the band around 960 cm'). This may be because
the technique used in our study is not sensitive enough to detect the difference or
there are other unidentified factors affect the hydroxylation activity of the catalysts.

Since the sample SifTi = 40 exhibits the best performance among the samples
investigated. The sample SifTi = 40 is, therefore, chosen to be further investigated by
pretreatment with NHOs solution with different concentration.
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Figure. 521 The result of difference ratio of TS-1 catalysts in %conversion of
benzene under periodic operation: SifTi=60 ( ) 5Si/Ti =40 (A), SiTi=32 (A),
SITi=221()

5.2.2 Effect of pretreatment

From section 5.2.1, the Si/Ti = 40 catalyst would be pretreated with HNO3
solution and used for the hydroxylation of benzene. In this study, a Si/Ti = 40
catalyst sample was pretreated with 3M HNO3 solution and another sample was
pretreated with 5M HNO3 solution. The hydroxylation activities of the catalysts
without any pretreatment, pretreated with 3M and 5M HNO3 are compared in Figure
5.22.

The experimental results in Figure 5.22 indicate the initial benzene conversions
of catalysts are pretreated with 3M HNO3 and 5M HNO3 are higher than that of the
unpretreat catalyst. The initial benzene conversion of the catalyst pretreated with 5SM
HNO3 is slightly higher than the initial benzene conversion of the catalyst pretreated
with 3M HNOs.  After 6 hours of operation, however, the benzene conversion
profiles of all the catalysts merge altogether whether the catalyst is pretreated or not.
This phenomenon suggests the unpretreat catalyst still undergoes some changing
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during the reaction, as can be seen from the increase in the benzene conversion. This
changing is likely the removal of some inactive structure(s) that hindrance the real
active site, The inactive structure can be better removed by washing with HNO3
solution. Therefore, the catalysts washed with HNO3 solution performed high activity
since the beginning of the operation period. The reduce of the inactive species can be
seen from the UV-vis data (Table 5.2). The absorption at the wavelength about 270
nm, belongs to the six-folded coordinate titanium species - the inactive species that
block the active sites [Li et al. (2001)], dramatically decreases after washing with
HNO3 solution. [Ref] also reported that this inactive species not only hindrance the
hydroxylation reaction but also promoted the decomposition of H202. Thus, led to
less amount of H202 to react with benzene.  The removal of the inactive species
allows the benzene reactant to gain access to the active site and allow more H2(z to
react with benzene. Therefore, the conversion of benzene increases.

The experiment also shows that higher acid concentration yields higher initial
activity, but not so much. Since the washing with HNO3 solution can dramatically
incrase the initial benzene conversion, the pretreatment is also tried on the other
samples. The pretreatment, however, was performed using only 5M HNO3 solution.
The hydroxylation activities of the SifTi = 60, 32 and 22 catalyst without and with
pretreatment are illustrated in Figures 5.23-5.25; respectively.

The experimental results in Figure 5.23 indicates that the benzene conversion
of the SIITi = 60 catalyst which are pretreated with 5M FNos3 is higher than the
unpretreated catalyst. The steady state benzene conversion increases from a value
around 0.01% to another value around 0.02%. For the SiITi = 32 catalyst, when
pretreated with HNO3, the conversion of benzene becomes steady since the beginning
of the experiment at a value around 0.1% [Figure 5.24], while the unpretreat catalyst
has to take about 5 hours before reaching this steady state conversion level.

Figure 525 shows that the behaviour of the SI/Ti = 22 catalyst after the
pretreatment is similar to the behaviour of the SiTi = 60 catalyst. The steady state
benzene conversion of the pretreated SifTi = 22 catalyst becomes steady since the
beginning of the reaction at a level around 0.1% while steady state benzene
conversion of the unpretreat sample stays at a lower level around 0.02%
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|t should be noted here that after the pretreatment with 5M HNO3, the samples
SITi = 22,32 and 40 achieve the same level of benzene conversion at steady state, i.e.
0.1-0.2%, while the sample Si'Ti = 60 achieves a lower steady state benzene
conversion, 1.e. 0.02%. This finding suggests that the samples SifTi = 22, 32 and 40,
though have different total titanium content, possess the same amount of tetrahedral
coordinated titanium species (the active species for the hydroxylation of benzene).
The different is the amount of the inactive six-fold coordinated titanium species in
which the sample Si'Ti = 22 has the highest amount, follows by the samples Si/Ti =
32 and SifTi —40, respectively. This is the reason why the sample SiTi = 22, before
pretreatment, exhibits lower benzene conversion than the samples SifTi = 32 and 40.
When the inactive titanium species is removed by acid washing, the number of
accessible active hydroxylation sites of all 3 catalysts is about the same. The
conversion of the 3 catalysts, therefore, is at the same level.

The sample Si/Ti = 60 has lower steady state benzene conversion than those 3
samples mentioned above though the catalyst is washed by HNOs solution because it
possesses lower number of the active titanium species.

Another interesting phenomenon observed from the pretreatment experiment
Is the pattern the benzene conversion increases. For the samples Si/Ti = 32 and 40, it
Is found that the unpretreat catalysts can also gain the same conversion levels as of the
pretreated catalysts. The reactant, H20z, can also remove some inactive titanium
species but take much longer time than washing with acid solution. For the Si/Ti = 22
catalyst, the amount of the inactive titanium species may be too high or too difficult to
be removed by H202. Therefore, the steady state benzene conversion of the
unpretreat catalyst is lower than the pretreated catalyst. Hence, we can conclude that
washing with FINO3 solution is more effective in removing the inactive titanium
species than washing with HaOz. 1t is recommended to wash the catalyst by using
HNO3 solution before performing the hydroxylation of benzene in any future works
that may occur.
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Figure 522 The effect of concentration of HNO3 which pretreat SifTi ratio 40:
pretreat with 3M of HNO3 (A ) , pretreat with 5M of HNO3 ( A) and unpretreat @ )
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Figure 5.23 The effect of concentration of HNO3 which pretreat SifTi ratio 60:
unpretreat (A ), pretreat with 5M of HNO3 ( ).
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Figure 5.24 The effect of 5M HNO3 which pretreatment of SifTi ratio 32 (0 ) with
unpretreatment (A)
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Figure 525 The effect of concentration of HNO3 which pretreat SifTi ratio 22:
unpretreat (A ), pretreat with 5M of HNO3 ( )
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